The new Springer collection, Shock Wave Science and Technology Reference Library, conceived in the style of the famous Handbuch der Physik has as its principal motivation to assemble authoritative, state-of-the-art, archival reference articles by leading scientists and engineers in the field of shock wave research and its applications. A numbered and bounded collection, this reference library will consist of specifically commissioned volumes with internationally renowned experts as editors and contributing authors. Each volume consists of a small collection of extensive, topical and independent surveys and reviews. Typical articles start at an elementary level that is accessible to non-specialists and beginners. The main part of the articles deals with the most recent advances in the field with focus on experiment, instrumentation, theory, and modeling. Finally, prospects and opportunities for new developments are examined. Last but not least, the authors offer expert advice and cautions that are valuable for both the novice and the well-seasoned specialist.
Preface
This book, as a volume in the Shock Wave Science and Technology Reference Library, is primarily concerned with detonation waves or compression shock waves in reactive heterogeneous media, including mixtures of solid, liquid, and gas phases.
The topics involve a variety of energy release and control processes through heterogeneous reactive shock waves; a contemporary research field of detonation that has found wide applications in propulsion and power, hazard prevention, as well as military engineering. This volume contains six chapters. The first two chapters describe the detonation behavior of volumetrically dispersed multiphase explosive mixtures, and the subsequent two chapters deal with condensed multiphase composite explosives. Chapter 5 discusses the unique solid-state reactions in microscopic solid particle mixtures under high-pressure shock loading. The final chapter is fundamental in describing shock ignition behavior of solid and liquid particles. Each chapter is self-contained and can be read independently of the others, though they are thematically interrelated. They offer a timely reference for graduate students as well as professional scientists and engineers, by laying out the foundations and discussing the latest developments, including yet unresolved challenging problems.
The first chapter, by S.B. Murray and P.A. Thibault, discusses spray or liquid aerosol detonation. This chapter provides not only an updated review, but also offers a concise heuristic introduction to spray detonation for both high-vapor-pressure and low-vapor-pressure fuel. After an excellent introductory or refresher reading for any class on laboratory phenomena of confined spray detonation, the authors offer a state-of-the-art description on detonation of unconfined fuel spray in air and its future research directions. This is possibly the first article in the open literature that provides such a comprehensive summary of the unconfined spray detonation phenomenon and its various engineering approaches. The chapter, with many materials unpublished before, complements any of the previous review articles in the area of spray detonation.
The second chapter, by F. Zhang, presents an overview of the fundamentals of dust detonation or detonation in gas-particle flow. It begins with a historical introduction and this is followed by an in-depth description of the detonation theory for explosive systems composed of reactive particles dispersed in oxidizing gases and in reactive gases. The chapter further presents a review of profound experiments on the transition to heterogeneous detonation, heterogeneous detonation structure, quasi-detonation, and hybrid detonation. The discussion on theory and experiments has focused on the unique detonation physics and performance behavior inherent to these multiphase explosive mixtures. Most of the descriptions and discussions are valid not only for low-density gas-solid flow, but can also be applied to dense or condensed fluid-solid heterogeneous explosive mixtures. This chapter offers up-to-date information on the fundamentals and a database for the subject area.
The third chapter, by D.L. Frost and F. Zhang, provides a comprehensive topical review of slurry detonation. The term "slurry explosive" is used in a general sense to include water-gel, emulsion, and metalized slurry formulations and blasting agents. This constitutes an attempt to cover not only available commercial slurry explosives, but also to review the current state of the art and fundamentals for possible future candidates. The chapter first describes the composition of and manufacturing procedure for various slurry explosives, and this is followed by an in-depth review of slurry explosive performance with emphasis on the characterization and properties of the nonideal and heterogeneous detonation wave itself. It further offers a review of models and their unique requirements for slurry detonation propagation, which is dominated by mesoscale (grain-scale) shock wave dynamics coherent with local mechanical and thermal response, as well as chemical reaction of heterogeneous material. Many unique detonation behaviors of fuel-rich metalized slurry explosives are discussed on the basis of the authors' own experiences.
The fourth chapter, by M.F. Gogulya and M.A. Brazhnikov, deals with detonation in metalized composite explosives with emphasis placed on micrometric and particularly nanometric aluminum additives. This chapter offers a selective but profoundly informative review of recent advances in this complex area and many of the materials are taken from the authors' own acknowledged studies. It covers both positive and negative oxygen-balance explosives in binary and ternary formulations with aluminum additives of various particle shapes and in a wide size range of 0.04-100 μm. A two-heat release process (explosive detonation and aluminum particle afterburning) has been demonstrated to be a general energy release principle for the detonation of such metalized explosives. It is often characterized by a shock wave followed by a pressure wave. The chapter, with 33 figures and 24 tables, provides one of the most comprehensive summaries of explosive behavior and detonation properties for various aluminized explosives, including mechanical and shock sensitivity, brisance, heat of reaction or explosion, detonation velocity, failure diameter, pressure, temperature and particle velocity history, as well as plate and cylinder acceleration capabilities.
The fifth chapter, by Yu.A. Gordopolov, S.S. Batsanov, and V.S. Trofimov, is a status report on shock-induced solid-solid reactions and possible detonation (a self-sustained shock wave). Unlike the classic thermal detonation where the expansion of high-pressure detonation gas-phase products provides the work required to sustain the propagation of detonation, a solid-solid detonation describes the concept of a highly energetic explosion where a stable supersonic wave exclusively converts mesoscale or microscale solid particle reactants to high-speed solid-phase products. The intriguing phenomena and possibility of this mode of shock-induced energy release without expanding gases appeared in the 1950s and has grown since the 1980s, resulting in advances in solid-state chemistry under high-pressure shock loading down to microscopic scales. Gasless detonation properties were predicted theoretically using Hugoniot analysis in the 1990s, where the detonation speed appears comparable with that in conventional high explosives; however, negligible heat is produced through shock compression in spite of the high pressures. Experimentally, while supersonic reactive shock waves observed in metal-metallic oxide mixtures were often accompanied by the release of gas products, shockinduced inorganic solid-state reactions have been reported on microsecond timescales in various metal-sulfur mixtures and intermetallics, but observations have been scarce and preliminary to date. Recent advances in experimental efforts have been possible owing to the progress of nanometric powder technology. The mechanisms for solid-solid reactions and wave sustaining are not yet clear, but are hypothesized to be driven by high atomic or molecular mobility resulting from shock and particle interactions with subsequent superfast diffusion or high-speed momentum flux transfer, which is supported by chemical energy augmented by bond energy release if the system is under extremely high pressure. The authors are leading experts in this cutting-edge research field. This chapter is a testament not only to the wideopenness of experimental studies, but also to the necessity of exploring possible fundamental theories in order to describe the phenomena and underlying mechanisms.
The sixth chapter, by S.M. Frolov and A.V. Fedorov , is concerned with the shock ignition of particles. It offers a fundamental aspect for all the first five chapters and the field of heterogeneous detonation. This chapter provides a selective but profound review of recent advances in both solid metal particles and liquid fuel droplet ignition after being subjected to shock loading, with emphasis placed on theoretical fundamentals and mathematical models mostly taken from the authors' own in-depth studies. As the authors indicate, for problems dealing with transient modes of combustion such as ignition or extinction, the effects of finite-rate chemical kinetics must be considered. These processes are subjected to a number of local shocked flow and particle interactions where the influences of neighboring particles are considerable. The phenomena are further complicated by the particle breakup, fragmentation, and subsequent mixing with air accompanied by phase changes, thus creating extreme challenges for the mathematical modeling. The authors offer insightful critiques of current thinking, while applying simplified treatments of various shock and particle interactions to explore the fundamental behaviors of shock ignition. Prototypical samples include magnesium and aluminum particles as well as n−alkane liquid droplets. The chapter provides advanced reading on the fundamentals of particle shock ignition and therefore the basis for heterogeneous detonation.
The editor is indebted to all authors for their willingness to prepare and make available their timely and authoritative materials to a wide audience. 
Introduction
Spray or aerosol detonation is a topic of keen interest to the hazard prevention and military R&D communities. Spray detonation is also potentially relevant to the study of pulse detonation engines (PDEs) and other hypersonic propulsion systems exploiting detonative combustion. The early work on spray detonation (i.e., circa 1980 or before) has been well documented in review papers by Dabora and Weinberger [50] Kailasanath [70] puts this early work into perspective and summarizes the key issues for spray detonations in PDE tubes. Almost all of the early work involved spray detonations in confined tubes and chambers. Fuel-oxygen mixtures were typically used, although air was employed as the oxidizer in some studies. A brief summary of highlights is presented in Sect. 1.2.
The main focus of spray detonation studies during the 1980s and into the mid-1990s was on the determination of detonability limits for unconfined fuel sprays in air for a variety of industrial chemicals and motor fuels. However, these studies are few in number and very little follow-on work has been reported during the past decade. A review of this work is provided in Sect. 1.3. Another topic of keen interest during the period from the mid-1970s to the late 1980s was so-called chemical or non-explosive initiation of detonation. The goal of this work was to replace the cloud initiator charges in conventional fuel-air explosive (FAE) systems by a chemical initiation system capable of inducing automatic cloud detonation following a prescribed time delay. While attempts to demonstrate chemical initiation in spray systems were not very successful, the lessons learned are nonetheless informative, and a summary of A brief synopsis is therefore presented in Sect. 1.4. Most detonation propulsion studies employ fuels in the vapour phase. However, there are a couple of notable exceptions and these are reviewed in Sect. 1.5.
Although spray detonation studies per se have become fairly rare, significant progress has continued in related areas, including a much better understanding of droplet behaviour in high-speed flows and advances in the modelling of spray combustion (versus detonation). Some excellent books have been published recently that summarize these achievements. Therefore, the review of modelling presented in Sect. 1.6 will be restricted to spray detonation modelling and the difficult problem of modelling explosive fuel dispersal which is rather unique to FAE applications.
Some concluding remarks and recommendations are given in Sect. 1.7.
Laboratory Studies of Confined Spray Detonation

Detonability Studies in Tubes and Chambers
One of the earliest spray detonation studies was conducted by Dabora et al.
[51]. These investigators employed a vertical shock tube 3.75 m in length having a 4.13 cm × 4.13 cm cross-section, as shown in Fig. 1 .1. Monodisperse sprays were produced using a droplet generator positioned at the top of the tube consisting of a cylindrical chamber fitted with several parallel capillary needles at the bottom end. A thin vibrating brass plate at the top of the chamber was used to break up the fuel jets and thereby control the droplet size. Diethylcyclohexane (DECH) fuel was used in an oxygen-filled tube. Three droplet sizes were studied: 290, 940, and 2,600 μm (droplet diameters are used throughout this review). Initiation was accomplished by detonating a hydrogen-oxygen mixture contained in a chamber positioned near the top of the tube 45
• off axis. The instrumentation included pressure transducers, thin-film heat transfer gauges, and high-speed photography. The photographs showed that droplet agglomeration increased as the droplet size decreased. Detonation was observed for all droplet sizes and it was found that the smaller the droplets, the more rapidly the detonation developed into a steady state.
Multiple-droplet experiments were also conducted by Lu et al. [87, 88] using a vertical shock tube 4.13 cm × 4.13 cm in cross-section fitted with a hydrogen-oxygen driver, as shown in Fig. 1 .2. Two droplet generators were used. A fog with 0.5-10-μm droplets was produced using an ultrasonic nebulizer. Hypodermic needles vibrating at the Rayleigh instability frequency were employed to produce larger uniform droplets of 700-or 1,400-μm diameter. The desired fuel-air ratio was controlled by the droplet size, number of droplets, and flow rate of secondary air. The detonability was assessed by monitoring the wave speeds. For the 1,400-μm droplets, detonation of heptane-oxygen was successful, but failure was observed for heptane-air when no sensitizer was present. This could have been due to the driver being too weak or the tube cross-sectional area being too small. For a fuel mixture consisting of 10% normal propyl nitrate (NPN) plus 90% heptane, the detonation speed decreased continuously along the tube length and complete failure appeared to occur near the end of the tube. In contrast, self-sustained detonation was apparent for fuel mixtures of 10% butyl nitrite (BN) plus 90% heptane and 25% NPN plus 75% heptane. In both cases, the wave speeds were steady near the end of the tube at about 1,600 m s −1 . The improved performance of BN over NPN (for the same amount of additive) was consistent with the results The effect of droplet size was investigated by the same authors. In the case of pure heptane fuel in air, detonation was only possible for droplets in the 0.5-10-μm range. Given the high vapour pressure of heptane and its additives, most droplets in this size range probably vaporize prior to detonation.
Detonation was reported for a mixture of 10% NPN plus 90% heptane for 700-μm droplets, but not for 1,400-μm droplets. It was necessary to increase the NPN concentration to 25% to obtain detonation for the larger droplets. These studies showed that the nitrate additive and small droplet size increase the reaction rates and enhance detonability.
Tang et al. [129] later investigated the detonability of low-vapour-pressure decane sprays in oxygen and air. The tube and droplet generator employed were similar to that shown in Fig. 1.1 , but the tube was 8.2 m in length and the initiator was a 1.2-m-long slug of a hydrogen-oxygen-helium mixture. The initiator strength was varied by adjusting the initial pressure of the gas. Detonation was observed for both decane-oxygen and decane-air and the critical initiation energies were estimated for a range of equivalence ratios. In some tests, the vapour pressure of decane was increased by heating the tube to 56
• C. A decrease in the critical energy and a lowering of the lean detonation limit were both observed. Similar results were obtained when NPN sensitizer was added to decane in room-temperature experiments.
The earliest experiments on spray detonation were conducted in vertical shock tubes. Nicholls et al. [110] later studied cylindrical heterogeneous detonations in a "pie-shaped" or sectored shock tube of 1.4-m radius having a 20
• total included angle, as shown in Fig. 1.3 . The width of the shock tube was 5.2 cm. Uniform fuel droplets of 400-μm diameter were produced by a series of up to 322 hypodermic needles (0.02-cm inside diameter). The fuels included heptane, kerosene, and a mixture of 25:75 NPN/kerosene. Experiments were conducted in oxygen, nitrogen, and air environments. An explosive charge Fig. 1.3 . The pie-shaped detonation chamber used by Nicholls and colleagues [17] consisting of a blasting cap plus up to 5 g of high explosive positioned at the vertex of the shock tube was used as the initiator. A high-speed camera in combination with a parallel-beam xenon source was used for imaging. The wave propagation was monitored by 14 time-of-arrival pressure switches that were used to produce radius-time (R-t) and Mach number-time (M -t) plots.
The initial experiments were conducted using heptane fuel and the highest initiator strength. In one test, the shock tube contained only air (no droplets). Droplets were present in two additional tests in nitrogen and air environments. The strongest blast wave was recorded for the air-only case, while the weakest blast wave was observed for fuel droplets in nitrogen. The difference was attributed to energy and momentum transfer between the phases. The blast wave for fuel droplets in air was slightly stronger than that for fuel droplets in nitrogen, indicating that the wave was partially supported by combustion. However, detonation did not occur.
These experiments showed that detonation was not possible for this droplet size and initiation energy for heptane or kerosene fuels in air. The conditions were reported to be marginal for NPN/kerosene in air on the basis of a low detonation velocity in one test (1,350 m s −1 ) and rapid acceleration of the blast wave near the end of the chamber in another test. However, the results did confirm that NPN sensitizes the fuel, as first reported by Lu et al. [88] .
The tests also showed that detonation was possible for all three fuels in oxygen. The velocity of heptane-oxygen detonations (φ = 0.3) was determined to be about 2,000 m s −1 . In one test, a heptane vapour-oxygen mixture (no droplets) was detonated at a higher equivalence ratio (0.5 < φ < 0.6) and the observed detonation velocity was found to be in good agreement with the theoretical velocity. The measured detonation velocity for kerosene-oxygen was 1,600 m s −1 in contrast to the theoretical velocity of 1,876 m s −1 . The authors proposed that losses to the chamber walls were the cause of the velocity deficit. However, Gubin and Sichel [69] have shown that incomplete combustion of the fuel in the reaction zone can also be a significant factor. Cylindrical divergence may have been a contributor as well given the relatively small radius of the chamber. In any event, the deficit was found to increase with increasing reaction-zone length, suggesting that kerosene-oxygen has a longer reaction zone than mixtures of oxygen with heptane or the fuel blend.
A comparison of the R-t plots for the various fuels in an oxygen environment (using a blasting cap initiator) yielded information about the relative reactivity of the fuels. Initiation of heptane-oxygen occurred immediately, while the blast wave in both kerosene-oxygen and NPN/kerosene-oxygen decayed considerably before accelerating to detonation at a larger radius. The acceleration to detonation was more rapid for NPN/kerosene than for unsensitized kerosene.
In an earlier study by Nicholls et al. [109] , carried out prior to the sectored shock tube being increased in radius from 0.73 to 1.4 m, these authors reported overdriven detonations in kerosene-air that decayed to the Chapman-Jouguet (C-J) state by the end of the tube. However, after the tube was extended, Gabrijel and Nicholls [63] carried out similar experiments to assess (1) the degree to which the wave front was cylindrical and (2) the influence of fuel voids on wave propagation. In that study, the authors reported that decaneair detonations had been successfully initiated. Although the wave speeds decreased to M = 3.2 by the end of the apparatus (vs. a C-J value of 5.06), the authors attributed these low velocities to boundary-layer effects. The detonations in kerosene-air and decane-air may have been failing. Further tests in a larger facility would be needed to clarify this issue.
Structure of Spray Detonations and Velocity Deficits
One of the earliest studies to reveal insightful information about the phenomena occurring behind the shock front in a spray detonation was conducted by Dabora et al. [51, 116] . These authors employed the detonation tube pictured in Fig. 1 .1 and sprays of DECH in oxygen for droplet sizes of 290, 940, and 2,600 μm. Both spark schlieren and combined shadow and direct-light photographs were obtained for a single stream of 2,600-μm droplets. A schlieren photograph from one such experiment is shown in Fig. 1.4 .
When the shock wave initially traverses a droplet, it remains stationary because of its inertia, but the droplet deforms instantly. The convective flow behind the front is supersonic and causes a bow shock and wake shock to form in front of and behind the droplet, respectively. The standoff distance of the bow shock increases as the droplet continues to deform. A wake behind the droplet consisting of small particles of fuel that have been stripped from the parent droplet and mixed with the gaseous oxygen ignites and reacts violently. The resulting explosion produces a blast wave which catches up to the main front and constitutes a mechanism for reinforcement of the front [40, 50, 113] . This blast wave also destroys the bow shock of the preceding droplet. Secondary shocks arising from the explosion are also evident. These processes are identical to those reported by Kauffman and Nicholls [71] in their single-droplet studies. However, for a line of droplets, the blast waves from individual droplets can also interact. Borisov et al. [22] believe that these reinforcing blast waves are necessary for propagation when the droplets are greater than 1 mm in size, but that droplet breakup and vaporization are probably fast enough for 10-100-μm droplets so that local explosions are not necessary. Furthermore, these authors showed that for droplets smaller than 10 μm, vaporization alone is sufficient to ensure homogeneous-like behaviour. Bowen et al. [23] found this to be the case for 2-μm decane fogs in oxygen. The threshold droplet size required for vapour-phase detonation is likely a function of the fuel volatility. Figure 1 .5 shows a combined shadow and direct-luminosity streak photograph of the event shown in Fig. 1.4 . The photographic slit is aligned along the droplet's axial position in the tube. Sudden bursts of luminosity indicative of ignition and reaction are apparent. In some cases, the location of ignition appears to coincide with the stagnation point of the droplet.
In the same study, the development of detonation was monitored using pressure switches mounted in the tube walls. The initiating shock strengths were Mach 2.5-3.0. Detonations were observed for all droplet sizes when oxygen was used; however, no detonations developed when air was the oxidizer. It was found that the smaller the droplet size, the faster the detonation developed into a steady state. When the measured propagation velocities for mixtures with equivalence ratios between 0.2 and 1.0 were compared with the C-J velocities for an equivalent gaseous detonation, it was found that the measured velocities were lower by 2-10% for the 290-and 940-μm droplets, and by 30-35% for the 2,600-μm droplets. The large deficits for the largest droplets were proposed to be the result of the increased size of the reaction zone. A model based on heat-transfer measurements, inferred frictional losses to the tube walls in the reaction zone, and a reaction-zone length assumed to be controlled by only the breakup of the droplets was developed to explain the differences. The large deficits were shown to be the result of significant frictional and heat losses in the reaction zone. However, to obtain agreement between the predicted and measured results, it was necessary to use a reactionzone length approximately twice the observed droplet breakup distance.
Later, Gubin and Sichel [69] shed more light on the matter when they proposed that the large velocity deficits were due to incomplete combustion of the fuel at the C-J plane caused by large unshattered portions of the droplets. These authors employed a Zeldovich-von Neumann-Döring analysis and assumed that the C-J plane was governed by the location of ignition. Any unburned fuel at that point would burn behind the C-J plane where the energy release could not contribute to the propagation velocity. The detonation velocities were calculated for monodisperse kerosene droplets in oxygen for various droplet sizes ranging from 10 μm to 2.7 mm. The calculations showed that the velocity of detonation increased with decreasing initial droplet size and that it approached the thermodynamic velocity for droplets less than 20 μm in size. As shown in Fig. 1.6 , the predictions were seen to be in good agreement with experimental velocity deficit data. The data in the figure are for various droplet sizes reported by Stephans and Bowen [127] , Dabora et al. [51] , and Pierce [112] . When similar calculations were performed for various droplet sizes and fuel loadings ranging from 0.1 to 0.9 kg m −3 , it was found that the amount of fuel reacting before the C-J plane was only weakly dependent on the fuel loading, leading to detonation velocities that were relatively independent of fuel-oxidizer ratio for a given droplet size. These trends are shown in Figs. 1.6 and 1.7.
The experiments in the sectored shock tube by Nicholls et al. [110] showed that heptane was more readily detonated than kerosene, but the reasons for this were not entirely clear until further studies on detonation structure were carried out by using the same apparatus and experimental procedures. In that work, fuels of low volatility (decane, kerosene, and 25:75 NPN/kerosene) and high volatility (heptane) were sprayed in an oxygen environment to assess the importance of the vapour phase in heterogeneous detonation. The droplet size was 400 μm. Both R-t data and high-speed schlieren streak and framing photographs of the reaction zone were obtained.
Experiments with decane droplets for an equivalence ratio of φ = 0.32 showed that steady propagation velocities were obtained toward the end of the chamber for all initiator masses. However, the observed propagation velocities increased with increasing initiation energy. The measured velocity for a blasting cap alone was 1,430 m s −1 (23.5% below the C-J velocity for an equivalent gas-phase detonation), whereas a velocity of 1,661 m s −1 (11.2% below the C-J velocity) was measured for an initiator consisting of a blasting cap plus 5 g of high explosive. For initiators less than 1 g, regions of subcritical propagation in which the detonation velocity passed through a minimum were observed. For larger initiators, no minimum was observed and the velocity decayed monotonically to the steady-state value.
Similar experiments were conducted with kerosene (φ = 0.354) and NPN/kerosene mixtures (φ = 0.302) in oxygen to establish the effect of the NPN sensitizer. Both fuels have a low vapour pressure and so are present only as droplets. The results obtained were very similar to those for decane in oxygen. The measured detonation velocities for kerosene were 26.5 and 16% lower than the theoretical velocity for initiation with a blasting cap, and initiation with a blasting cap plus 3 g of explosive, respectively. The corresponding velocities for an NPN/kerosene mixture were 18.6 and 9.8% less than the theoretical velocity, respectively, for the same initiators. Subcritical propagation was observed to be more pronounced for kerosene than for NPN/kerosene mixtures, again confirming that NPN shortens the reaction-zone length.
The schlieren streak photographs verified that the controlling mechanism in the reaction zone is aerodynamically induced droplet shattering followed Fig. 1.8 . Schlieren streak record of detonating decane spray in oxygen [17] by explosive ignition in the turbulent wakes behind the parent droplets. One such photograph for a decane-oxygen spray is shown in Fig. 1 .8. The leading shock is indicated by a sharp decrease in the intensity of the transmitted light. The breakup of a droplet and the formation of a wake are indicated by the growth of a dark (opaque) region behind the original location of the droplet. Explosive ignition inside the wake is characterized by the emergence of rearward moving blast waves. Two characteristic lengths of significance are the ignition length, l ig , and the length for complete combustion, l cc . The former is defined as the separation between the shock wave and the point of origin of the rearward blast wave, while the latter is defined as the separation between the shock wave and the remainder of the parent droplet when most of the fuel has been consumed. The point of complete combustion is the location where the wake behind the droplet ceases to be completely opaque. Analysis of many streak records showed that l ig is in the range 1.85-2.40 cm, and l cc is in the range 5.0-5.5 cm. These lengths are considerably larger than the reaction zone of gaseous fuel-oxygen mixtures. According to these same authors, the convective flow velocity behind the reaction zone is always subsonic relative to the wave front, indicating the absence of a C-J plane at these small radii.
Similar experiments were performed with high-vapour-pressure heptane fuel. A typical schlieren streak photograph for heptane spray in oxygen is shown in Fig. 1 .9. The photograph shows a leading shock wave followed by an immediate reaction of the heptane vapour-oxygen mixture. A transverse wave structure is readily apparent. The shattering and combustion of the droplets was the same as for decane fuel. The convective velocity behind the leading shock was supersonic relative to the shock, indicating the existence of a C-J plane. These results showed that the overall behaviour was dominated by the vapour-phase detonation. The additional heat released from the combustion of the droplets did not appear to contribute to the propagation velocity. This finding is consistent with that of Pierce and Nicholls [114] , who found that Fig. 1.9 . Schlieren streak record of a detonating heptane spray in oxygen [17] the combustion of non-volatile DECH droplets behind the reaction zone of a hydrogen-oxygen detonation did not affect the propagation velocity.
Schlieren framing records corresponding to the same basic experiments in Figs. 1.8 and 1.9 are shown in Figs. 1.10 and 1.11, respectively. The framing record for decane-oxygen was taken at 9.2-μs intervals and shows a 1,600 m s −1 shock wave interacting with three rows of decane droplets. As shown in Fig. 1 .10, breakup of the droplets and the formation of misty wakes behind the parent droplets are apparent. The formation and emergence of blast waves from the wakes can also be clearly identified. These blast waves propagate toward the incident shock front and also upstream (backward). The regions originally occupied by the wakes and the fuel mist eventually clear, indicating that only gaseous combustion products remain. The framing record for heptane-oxygen detonation ( Fig. 1.11 ) is drastically different from that for decane. In this case, propagation is completely dominated by the thin vapour-phase detonation preceding breakup and subsequent combustion of the heptane droplets. The transverse wave structure typical of gaseous detonation is again clearly visible.
When these photographs were compared with others for a heptane vapouroxygen detonation (no droplets), it was clear that a vapour-phase detonation precedes and initiates droplet breakup and burning. The explosion of the droplet wakes occurs almost immediately behind the leading wave, much more rapidly than for low-vapour-pressure decane. The higher temperature behind the vapour detonation was proposed to account for the difference. The experimental R-t trajectories for these experiments were found to be indistinguishable. No significant difference existed between the propagation velocity for pure vapour and vapour-droplet heptane fuels.
The nature of the reaction zones for low-and high-volatility fuels was further clarified in tests where a corresponding schlieren streak record and a pressure trace from a transducer mounted in the side wall of the chamber midway between droplet streams were obtained for a decane-oxygen detonation. The authors, , were able to superimpose these records to form a three-dimensional R-t-P plot, making it possible to relate the pressure signals to the structure of the spray detonation. The first pressure spike Fig. 1.11 . Schlieren framing record for a detonating hexane-oxygen spray [18] in the P -t signature corresponded to the leading shock wave. Its overshoot above the theoretical C-J pressure (calculated for a gaseous system having the same wave speed) may have been caused by a blast wave from upstream wake explosions overtaking the leading shock just prior to its arrival at the pressure gauge. A second peak in the signature was interpreted as a forwardmoving blast wave generated by explosive ignition in the wake of droplets immediately preceding the transducer. The pressure then decreased gradually to about 12 atm at a time that correlates with the moment the back edge of the burning wake passed over the transducer. Oscillations later in the signature were thought to be caused by rearward moving pressure waves, indicating continuing combustion in the wake as it moved downstream. Schlieren photographs were also obtained for a shock wave interacting with decane droplets, but in a 40:60 O 2 /N 2 atmosphere rather than in pure oxygen. The interaction of the droplets with the supersonic flow behind the shock is strikingly illustrated, with the deformation of single droplets and the formation of bow and tail shock waves around the droplets being clearly visible. The interaction of neighbouring droplets and the formation of a micromist behind the original sheet of droplets are again evident. However, there is a clear absence of wake-generated blast waves in this nitrogen-diluted atmosphere. The M -t plot for this experiment suggested that detonation might not have occurred, or that it was in the process of failing. This prompted the same authors to conclude that wake explosions might be an essential element of spray detonations for low-volatility fuels.
Detonation in Unconfined Fuel Sprays in Air
Sprays Created by Low-Pressure Nozzles
One of the earliest investigations on the detonability of unconfined fuel sprays in air was carried out by Bull et al. [35] during the late 1970s at the Thornton Research Centre in the UK. Strictly speaking, the tests were not "truly unconfined" in that the fuel-air mixture was protected from the effects of ambient winds by spraying the fuel into a polyethylene enclosure or "bag" measuring 1.5 m × 1.5 m × 2.2 m high (125-μm wall thickness). The apparatus is shown in the schematic diagram in Fig. 1 .12.
A particular emphasis of the study was on the influence of fuel volatility on the detonability. The fuels employed were high-vapour-pressure n-hexane (C 6 H 14 ) and low-vapour-pressure decane (C 10 H 22 ) and dodecane (C 12 H 26 ). An attempt was also made to synthesize fuels having intermediate volatilities by combining hexane and dodecane in various proportions. The sprays were created using four Sonicore TM nozzles positioned at the bottom of the bag pointing vertically upward. These nozzles atomize the fuel through a process in which an air blast is directed through a sonic convergent-divergent nozzle, and they represent a good compromise between the conflicting requirements of high liquid flow rates and narrow droplet size distributions. The global fuel-air concentration in the bag was controlled by spraying for different time Fig. 1.12 . The 5-m 3 apparatus of Bull et al. [35] for the study of unconfined aerosol detonation intervals, while the droplet size was varied by adjusting the fuel and air flow rates, or by selecting different nozzles. The aerosols were characterized by a Malvern particle size analyser. For the purposes of calibrating the Malvern instrument, commercial-grade hexane and kerosene (the latter being representative of decane and dodecane) were used in place of their more costly, higher-purity counterparts. The calibration experiments showed that the majority of the aerosol mass fell in the 6-17-μm range for hexane and the 9-30-μm range for kerosene.
Initiation of detonation was achieved using a PE4 (88% RDX) plastic explosive charge mounted in one corner of the bag. The blast characteristics of the initiator charges in air were thoroughly quantified in a series of tests beforehand. Piezoelectric pressure transducers and shock pins were used to obtain pressure and time-of-arrival data, while an attempt to track the reaction front using a microwave Doppler sensor was unsuccessful. A high-speed camera was used to capture images in selected tests.
The results for hexane are presented in Fig. 1 .13 in terms of the initiator charge mass as a function of the equivalence ratio, φ. The solid curve between the "detonation" and "no-detonation" points indicates the approximate detonability limits. The minimum initiator charge mass is about 0.025 kg for an equivalence ratio of φ = 1.1-1.2. These values compare with those of 0.018 kg of Tetryl TM for φ = 1.18 obtained by Bull et al. [34] for gaseous ethaneair mixtures, suggesting that the two systems have similar detonability. The dashed curve in the figure is based on a modification of the Zeldovich criterion, E ∝ τ 3 , where E is the initiation energy and τ is an induction period Fig. 1 .13. Initiation energy for hexane sprays in air as a function of equivalence ratio for droplet sizes in the 6-17-μm range [35] given by τ = A[O 2 ] −1 exp(E A /RT ), where A is a pre-exponential constant, the activation energy E A = 121.4 kJ mol −1 , T is the temperature in Kelvins, and R is the gas constant. The first-order dependence of τ on oxygen concentration was inferred from the data for other lower paraffin hydrocarbons, and the pre-exponential constant was determined from the data at stoichiometric conditions. The dashed curve describes the trend of the data fairly well.
The detonation velocities for hexane-air detonations were measured in selected tests and found to be 6-13% lower than the C-J values for an equivalent gas-phase system. This observation appears to conflict with earlier investigations that attributed large velocity deficits to momentum and heat transfer losses to the walls. The large detonation wave curvature in the tests of Bull et al. may well have been a factor in these results.
A single experiment was conducted in which the droplets were considerably larger than in the other experiments (i.e., 50-90 μm). Detonation was achieved using a charge mass of 0.055 kg, which was considerably larger than the critical charge mass of about 0.03 kg for the finer aerosol at the same equivalence ratio. The measured detonation velocity of 1,300 m s −1 in this experiment was significantly lower than the value of approximately 1,580 m s −1 for the finer aerosol. This result emphasizes the influence of the droplet breakup time on the effective reaction-zone length of the detonation.
Detonations could not be initiated for low-vapour-pressure dodecane and decane fuels over a wide range of conditions for charges up to 0.5 kg for dodecane and 0.3 kg for decane. Although the authors, Bull et al. acknowledged that the path length of the experiment (1.83 m from the initiator charge to the bag wall) was too short to ascertain that any detonation wave initiated was truly self-sustained, they concluded that the wave velocity had decayed to the point where no detonation had occurred or could have occurred. For these fuels, insignificant evaporation takes place prior to the arrival of the initiating shock wave, so the droplet sizes are not reduced by vaporization, as is the case for hexane.
In an effort to control the volatility of the fuel, hexane and dodecane were mixed in various proportions in subsequent experiments. The initiator charge mass was 0.12 kg for most experiments, but was reduced to 0.10 kg in some instances. The results are shown in Fig. 1 .14. It is evident that as the proportion of dodecane in the mixture increases, the minimum equivalence ratio for detonation increases, and reaches a value of φ = 2 for a 50:50 mixture. The points labelled "delayed detonation" in the figure denote tests in which the blast wave arrived at the transducer locations before the detonation wave. In these cases, the high-speed films showed that detonation had already commenced at another remote site, indicating that the outcome is sensitive to the mixture homogeneity near the concentration limits.
When the results for the hexane-dodecane mixtures are compared with those for pure hexane (Fig. 1.13 ), it appears that the detonation of these mixtures is effectively a hexane detonation since the quantity of hexane in each of the mixtures is at least that required for the lean detonation limit,
